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Intersubband absorption properties of high Al
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Abstract

High Al content AlxGa1−xN/GaN multiple quantum well (MQW) films with different interlayers were grown by metal
organic chemical vapor deposition. These MQWs were designed to achieve intersubband (ISB) absorption in the
mid-infrared spectral range. We have considered two growth conditions, with AlGaN interlayer and GaN/AlN
superlattice (SL) interlayer, both deposited on GaN-on-sapphire templates. Atomic force microscopy images show a
relatively rough surface with atomic-step terraces and surface depression, mainly dominated by dislocations.
High-resolution X-ray diffraction and transmission electron microscopy analyses indicate that good crystalline
quality of the AlGaN/GaN MQW layer could be achieved when the AlGaN interlayer is inserted. The ISB absorption
with a peak at 3.7 μm was demonstrated in MQW films with AlGaN interlayer. However, we have not observed the
infrared absorption in MQW films with GaN/AlN SL interlayer. It is believed that the high dislocation density and
weaker polarization that resulted from the rough interface are determinant factors of vanished ISB absorption for
MQW films with the GaN/AlN SL interlayer.
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Background
AlGaN/GaN multiple quantum well (MQW) structures
grown on GaN/sapphire templates (GaN templates) have
attracted much interest for intersubband (ISB) transition
devices operating in the near-infrared and mid-infrared
spectral ranges, such as photovoltaic and photoconduct-
ive GaN/AlN quantum well (QW) detectors [1] and
electrooptical modulators [2], benefiting from the large
conduction-band offset (1.75 eV) between GaN and AlN.
In addition, material transparency in a wide spectral re-
gion (360 nm to 13μm for GaN) [3], large longitudinal-
optical phonon energy (92 meV for GaN), and the rather
heavy-electron effective mass (0.22 × m0 for GaN) also
guarantee the realization of ISB transitions at room
temperature. Short-wavelength ISB absorption has been
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reported by several groups in AlGaN/GaN MQW struc-
tures [4-7] and coupled QWs [8]; ISB absorption at tele-
communication wavelengths has also been observed at
room temperature in self-organized GaN/AlN quantum
dots [9,10]. Until now, most of the progress was made
by molecular beam epitaxy [11,12], which is best suited
for growing sharp QW interfaces in nitride-based ISB
devices because of its inherently low growth temperature
and slow growth rate. By contrast, metal organic chem-
ical vapor deposition (MOCVD) is the most economic-
ally feasible technique for the mass production of such
ISB devices. Although many papers have been published
on AlGaN/GaN MQW films grown by MOCVD, ISB
devices employing the AlGaN/GaN MQW structure
grown by MOCVD are few [13,14]. Therefore, further
research and development by MOCVD are essential.
Obstacles still exist to hinder the development of

AlGaN/GaN MQWs grown by MOCVD. There is a large
lattice and thermal mismatch between the high Al
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content AlGaN/GaN MQW layer and the GaN tem-
plates. The biaxial tensile strain in the MQW layer accu-
mulates in the process of the MQW layering, grows
thicker, and finally leads to crack formation [15,16].
Moreover, the tensile strain will induce a large density of
threading dislocations [17,18], a typical problem of III-
nitride layers grown on foreign substrates (109 to 1010

cm−2). Additionally, the Al(Ga)N/GaN interface is found
to be unstable when it is pseudomorphically strained
onto GaN. The alloyed interface is formatted under
stress, especially growing at high growth temperatures
by MOCVD [19,20]. This interface degradation in MQW
structures affects the ISB absorptions. In order to over-
come these problems, it is necessary to adopt some
strain relaxation techniques for MQW structure growth.
In this paper, we inserted different interlayers in the

MQW structure to solve these problems. High Al con-
tent Al0.4Ga0.6N/GaN MQW films were grown by
MOCVD with different interlayers. The remainder of
this paper is organized as follows. Initially, the detailed
deposition process of the film growth is described, fol-
lowed by the presentation of morphology, structures,
and optical properties of MQW films. Finally, it provides
the result that, with the insertion of different interlayers,
MQW film strain relaxation differs. To get a good
insight into the strain relaxation, we analyzed MQWs
using different characterization techniques.

Methods
All samples were grown on (0001) sapphire substrates
by Thomas Swan MOCVD system (Thomas Swan &
Co., Ltd., County Durham, UK). A 2-μm-thick GaN tem-
plate was first grown with H2 atmosphere. Samples con-
sisted of 20 periods of Al0.4Ga0.6N/GaN MQW
structures and a 10-nm Al0.4Ga0.6N cap layer. The thick-
nesses of the Al0.4Ga0.6N barrier and the GaN well were
5 and 3 nm in MQW structures, respectively. Si doping
in the GaN well layer was conducted with SiH4 at a dop-
ing level of 6 × 1018 cm−3. In order to relax the stress,
two sets of interlayer structures were designed and pre-
pared. A 20-nm Al0.3Ga0.7N interlayer was inserted be-
tween the AlGaN/GaN MQW layer and the GaN
template in sample A, whereas four periods of GaN/AlN
superlattice (SL) layers (AlN barriers, 3.6 nm; GaN wells,
1.4 nm) were employed for sample B as the interlayer.
The interlayer inserted in samples A and B was coherent
with the MQW layer in design. Growth parameters were
the same for the AlGaN/GaN MQW layer and the cap
layer in different samples.
High-resolution X-ray diffraction (HRXRD) measure-

ments were performed with Bede D1 high-resolution
X-ray diffractometer (Bede X-ray Metrology, Durham,
England, UK). ω-2θ Scan of the (0002) X-ray reflection,
ω-scan for the symmetric (0002), and skew symmetric
(10–12) reflections of MQW films were utilized to
characterize the crystalline quality of AlGaN/GaN
MQW layers. Surface morphology was characterized by
Pico Scan TM 2500 (PicoPlus, Tempe, AZ, USA) atomic
force microscopy (AFM). Microstructures were studied
using a JEOL 2010F high-resolution transmission elec-
tron microscope (HRTEM) (JEOL Ltd., Akishima,
Tokyo, Japan) operated at 200 kV. All TEM samples
were prepared following the standard procedure of
grinding, dimpling, and ion milling until electron trans-
parency is achieved. ISB absorption was investigated
using a Bruker 120HR Fourier transform infrared spec-
troscope (BRUKER AXS GMBH, Karlsruhe, Germany)
with a single transmission of p-polarized light incident
at the Brewster's angle at room temperature.

Results and discussion
Figure 1 shows the typical surface morphologies of
AlGaN/GaN MQW films with different interlayers. A
representative surface of sample A is shown in
Figure 1a. It exhibited terraces separated by several bi-
layer high steps (1/2 c) that were obvious to resolve. In
addition, undulations and deep pits, which appear to be
arranged along lines, can be found throughout the sur-
face. Regularly curved narrow trenches with preferred
<10-10> crystallographic orientation were also observed
throughout the surface. It is indicated that the surface
was dominated by dislocation-mediated surface struc-
tures - spiral hillocks and surface depressions. Figure 1b
shows the surface of sample B, in which terraces and
undulations also exhibited on the surface, and moreover,
micro-cracks were present on the surface. The value of
root mean square roughness is shown in Table 1.
Figure 2 illustrates the (0002) ω-2θ scans of different

samples. The clearly visible −2 to +1 order satellite peaks
indicate a good periodical structure of MQW layers and
sharp abruptness of AlGaN/GaN interfaces. For III-
nitride films, the full width at half maximum (FWHM)
of ω-scan for symmetric (0002) and asymmetric (10–12)
reflections was usually adopted to access the threading
dislocation density of MQW films and GaN template,
respectively. The FWHM of ω-scan for GaN template
and MQW films are shown in Table 1. Anomalously, the
value of FWHM corresponding to MQW films with
interlayers is larger than that of the GaN templates.
When the interlayer was inserted, the FWHM increased,
which seems to contradict the similar result of the trad-
itional scheme [21,22]. Usually, the interlayer blocks the
threading dislocation that originated from the GaN tem-
plate, leading to the decrease of the FWHM of the sub-
sequent film. Furthermore, it is found that the FWHM
of the GaN template in sample B is lower than that in
sample A; however, the FWHM of the GaN/AlGaN
MQW layer in sample B is higher than that in sample A.



Figure 1 AFM images of the samples with different interlayers. (a) With AlGaN interlayer and (b) with GaN/AlN SL interlayer. The scanned
area is 4 × 4 μm2.
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The tendency is the same under different reflections. To
explain the phenomenon, the FWHM broadening factors
of ω-scan will be discussed in the following section.
FWHM of ω-scan will be broadened to the following,

assuming Gaussian peak shapes [23]:

β2m ¼ β20 þ β2d þ β2α þ β2ξ þ β2L þ β2r ; ð1Þ

where βm is the measured FWHM, β0 is the intrinsic
rocking curve width of the crystal, βd is the instrumental
broadening width, βα is the broadening from lattice rota-
tions at dislocations (tilt or twist), βε is the broadening
due to lattice strain at dislocations (often called micro-
strain), βL is the broadening due to limited correlation
lengths, and βr is the broadening due to wafer curvature.
For ω-scan of symmetric (0002) and asymmetric (10–12)
reflections, the FWHM broadening of zero-order satel-
lite peaks mainly come from βα. When the threading
dislocation density is close to 109 cm−2, βL cannot be
neglected [23]. Furthermore, the interlayer in design is
coherent with the MQW layer; the peak of interlayer
and the MQW zero-order satellite peaks are overlapped
in sample B, and the interlayer also contributes to the
broadening of ω-scan. Therefore, the threading disloca-
tion density of MQW films cannot be accessed directly
by the FWHM of ω-scan.
Table 1 Surface roughness and FWHM of ω-scan for
(0002) and (10–12) reflections of samples A and B

Sample RMS
surface

FWHM

(arc sec)

Roughness MQW GaN template

(nm) <0002> <10-12> <0002> <10-12>

A 1.92 339 593 272.3 267

B 2.55 358 639 237 251

RMS, Root mean square.
To access the dislocation density accurately, weak-
beam dark-field TEM technique was taken. Images of
samples are illustrated in Figure 3, with g = (0002) and
g = (11–20) diffractions. Additional dislocations gener-
ated at the interface between the MQW layer and the
GaN template in sample A (Figure 3a,b), except for
threading dislocations that originated from the GaN
template. Most of the dislocations are edge type, which
is identified by the invisible criteria of g × b = 0.
Threading dislocations, propagating from the interface
between the AlGaN interlayer and the GaN template,
were blocked by the AlGaN interlayer in sample A.
Threading dislocations annihilated at the interface and
were prevented from moving into the MQW layer. On
the contrary, threading dislocations went into the
MQW layer in sample B, which is shown in Figure 3c,d,
without being blocked at the GaN/AlN superlattice layer
interface. Threading dislocations just inclined and did
not react with each other. The corresponding
Figure 2 (0002) ω-2θ scan of samples A and B. IL stands for
interlayer.



Figure 3 Weak-beam dark-field images of samples A and B. (a, b) The same region taken from sample A, using g vectors of (0002) and (11–
20). (c, d) The corresponding images taken from sample B.
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dislocation density for samples A and B are 6.4 × 108

and 2.2 × 109 cm−2, respectively. Without consideration
of the influence of the GaN template's sample-to-
sample variation, the difference of the threading disloca-
tion density in the MQW layer is obvious.
Figure 4 The ISB absorption spectrum of samples A and B.
Curve 1 for sample A, curve 2 for sample B.
Figure 4 shows the representative ISB absorption
spectrum for samples A and B. Curve 1 corresponds to
sample A; the ISB absorption with a peak at 3.7 μm is
obviously visible. Periodic interference peaks are also
seen from curve 1, which resulted from the difference in
refractive index between the epitaxial layer and sapphire
substrate. However, no ISB absorption was observed in
sample B (curve 2), except for periodic interference
peaks.
In conclusion of Figure 3, the stress induced by the

interlayer changes the propagation of dislocations. In
sample A, the inserted AlGaN interlayer thickness
exceeds the critical thickness of elastic relaxation. The
AlGaN interlayer was plastic relaxed, as proven by the
difference of peak locations in Figure 2. The tensile
stress is strong enough to allow dislocations to meet,
react, and annihilate. However, in sample B, the thick-
ness of the GaN/AlN SL interlayer is the same as the
AlGaN interlayer in sample A; the GaN/AlN SL inter-
layer is still under elastic relaxation, and the stress only
makes dislocations inclined. Thus, dislocations incline
and subsequently go into the MQW layer and finally
make the dislocation density higher in sample B. Other
stress relaxation paths are also present; cracks are shown
in Figure 1b. Therefore, stress influences the propagation
of dislocations as different interlayers were inserted.
Details of dislocation behavior were discussed in another
work [24]. From the results, it is manifested that the
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AlGaN interlayer effectively blocks the threading
dislocation.
In sample B, threading dislocations entered the MQW

layer, and no ISB absorption was presented in Figure 4.
The absence of ISB absorption can be attributed to those
reasons as shown below. First, the high density of
threading edge dislocations exists in sample B. It was
discovered that edge dislocations in III-nitride cause
propagation loss for transverse-magnetic (TM)
polarization of light in a waveguide [25]. Edge disloca-
tions introduce acceptor centers along the dislocation
lines, and electrons are captured by the acceptor centers
[26]. Eventually, charges perpendicularly align and work
like a wire-grid polarizer. This excess polarization-
dependent loss is critical for ISB since ISB occurs only
for TM polarization in a waveguide structure. Second,
polarization charge in the GaN/AlGaN heterostructure
will surely influence ISB intensity since ISB absorption
strongly relies on the net carrier density in the QW.
Compositionally graded AlGaN films grown on uninten-
tionally doped GaN templates can achieve high electron-
sheet concentrations which are results of polarization-
induced doping [27-29]. According to the HRXRD ana-
lysis, order satellite peaks at −1 were present in sample
B. No higher-order peaks manifested the rough interface
in the MQW layer. As is well known, the electron dens-
ity is crucial to the infrared absorption property of the
ISB devices because electron–hole pairs cannot be gen-
erated only in the conductive band. The rough interface
of the sample with SL interlayer surely decreased
polarization-induced net electron density in the
quantum well. Besides, interface instability pushes the
first excited electron state close to the barrier conduc-
tion band edge. As a consequence, the e1 and e2 oscilla-
tor strength is reduced, and the ISB absorption becomes
weak or even vanishes [30].

Conclusions
In conclusion, high Al content AlGaN/GaN MQW films
grown with different interlayers by metal organic chem-
ical vapor deposition were investigated using AFM,
HRXRD, and HRTEM. The MQW films present a rela-
tively rough surface with atomic-step terraces and sur-
face depression. Good crystalline quality of the AlGaN/
GaN MQW layer could be obtained with the inserted
AlGaN interlayer. The AlGaN interlayer under plastic
stress effectively blocked the threading dislocation, but
the GaN/AlN SL interlayer in the same thickness under
elastic stress just inclined the threading dislocation. The
ISB absorption with a peak at 3.7 μm in MQWs with the
AlGaN interlayer, the high dislocation density, and the
rough interface are the reasons of ISB absorption vanish-
ing for MQW films with GaN/AlN SL interlayer.
Abbreviations
AFM: Atomic force microscopy; AlN: Aluminum nitride; FWHM: Full width at
half maximum; GaN: Gallium nitride; HRTEM: High-resolution transmission
electron microscopy; HRXRD: High-resolution X-ray diffraction;
ISB: Intersubband; MOCVD: Metal organic chemical vapor deposition;
MQWs: Multiple quantum wells; SL: Superlattice; TM: Transverse-magnetic.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
HHS carried out the experiments, measured the material, and drafted the
manuscript. FYG and LCZ directed the experiments and the drafting of the
paper. DYL and DBW participated in the growth of material process. WL was
involved in revising the manuscript. All authors read and approved the final
manuscript.

Acknowledgments
The authors thank Professor XD Han and Dr. LH Wang from the Institute of
Microstructure and Properties of Advanced Materials in Beijing University of
Technology for their help with the HRTEM experiment and Dr M Xiong for
the useful discussion. This study is supported by the Heilongjiang Province's
Nature Science Foundation of China (grant no: F2007-1) and the Open
Experimentation Program of Beijing Institute of Technology (BJUT-GTS-
200904).

Author details
1Department of Information Materials Science and Technology, Harbin
Institute of Technology, Harbin, 150001, China. 2Renewable Energy
Laboratory, Institute of Physics, Chinese Academy of Sciences, P.O. Box 912,
Beijing, 100190, China.

Received: 7 October 2012 Accepted: 19 November 2012
Published: 26 November 2012

References
1. Hofstetter D, Baumann E, Giorgetta FR, Théron R, Wu H, Schaff WJ, Dawlaty J,

George PA, Eastman LF, Rana F, Kandaswamy PK, Leconte S, Monroy E:
Photodetectors based on intersubband transitions using III-nitride
superlattice structures. J Phys-Condes Matter 2009, 21:174218.

2. Baumann E, Giorgetta FR, Hofstetter D, Leconte S, Guillot F, Bellet-Amalric E,
Monroy E: Electrically adjustable intersubband absorption of a GaN/AlN
superlattice grown on a transistor like structure. Appl Phys Lett 2006,
89:101121.

3. Welna M, Kudrawiec R, Motyka M, Kucharski R, Zając M, Rudziński M,
Misiewicz J, Doradziński R, Dwiliński R: Transparency of GaN substrates in
the mid-infrared spectral range. Cryst Res Technol 2012, 47:347–350.

4. Gmachl C, Ng HM, Chu SNG, Cho AY: Intersubband absorption at λ 1.55
μm in well- and modulation-doped GaN/AlGaN multiple quantum wells
with superlattice barriers. Appl Phys Lett 2000, 77:3722–3724.

5. Kishino K, Kikuchi A, Kanazawa H, Tachibana T: Intersubband transition in
(GaN)m/(AlN)n superlattices in the wavelength range from 1.08 to 1.61
μm. Appl Phys Lett 2002, 81:1234–1236.

6. Zhou QY, Chen JY, Pattada B, Manasreh MO, Xiu FX, Puntigan S, He L,
Ramaiah KS, Morkoc H: Infrared optical absorbance of intersubband
transitions in GaN/AlGaN multiple quantum well structures. J Appl Phys
2003, 93:10140–10142.

7. Kandaswamy PK, Guillot F, Bellet-Amalric E, Monroy E, Nevou L,
Tchernycheva M, Michon A, Julien FH, Baumann E, Giorgetta FR, Hofstetter D,
Remmele T, Albrecht M, Birner S, Dang LS: GaN/AlN short-period
superlattices for intersubband optoelectronics: a systematic study of their
epitaxial growth, design, and performance. J Appl Phys 2008, 104:093501.

8. Driscoll K, Liao YT, Bhattacharyya A, Zhou L, Smith DJ, Moustakas TD, Paiella R:
Optically pumped intersubband emission of short-wave infrared radiation
with GaN/AlN quantum wells. Appl Phys Lett 2009, 94:081120.

9. Moumanis K, Helman A, Fossard F, Tchernycheva M, Lusson A, Julien FH,
Damilano B, Grandjean N, Massies J: Intraband absorptions in GaN/AlN
quantum dots in the wavelength range of 1.27–2.4 μm. Appl Phys Lett
2003, 82:868–870.

10. Tchernycheva M, Nevou L, Doyennette L, Helman A, Colombelli R, Julien FH,
Guillot F, Monroy E, Shibata T, Tanaka M: Intraband absorption of doped



Sun et al. Nanoscale Research Letters 2012, 7:649 Page 6 of 6
http://www.nanoscalereslett.com/content/7/1/649
GaN/AlN quantum dots at telecommunication wavelengths. Appl Phys
Lett 2005, 87:101912–101913.

11. Ng HM, Gmachl C, Chu SNG, Cho AY: Molecular beam epitaxy of GaN/
AlxGa1−xN superlattices for 1.52–4.2 μm intersubband transitions. J Cryst
Growth 2000, 220:432–438.

12. Machhadani H, Kandaswamy P, Sakr S, Vardi A, Wirtmüller A, Nevou L,
Guillot F, Pozzovivo G, Tchernycheva M, Lupu A, Vivien L, Crozat P, Warde E,
Bougerol C, Schacham S, Strasser G, Bahir G, Monroy E, Julien FH: GaN/
AlGaN intersubband optoelectronic devices. New J Phys 2009, 11:16.

13. Hoshino K, Someya T, Hirakawa K, Arakawa Y: Low-pressure MOCVD
growth of GaN/AlGaN multiple quantum wells for intersubband
transitions. J Cryst Growth 2002, 237:1163–1166.

14. Péré-Laperne N, Bayram C, Nguyen-Thê L, McClintock R, Razeghi M:
Tunability of intersubband absorption from 4.5 to 5.3 μm in a GaN/
Al0.2Ga0.8N superlattices grown by metalorganic chemical vapor
deposition. Appl Phys Lett 2009, 95:131109.

15. Einfeldt S, Heinke H, Kirchner V, Hommel D: Strain relaxation in AlGaN/GaN
superlattices grown on GaN. J Appl Phys 2001,89:2160–2167.

16. Kladko V, Kuchuk A, Lytvyn P, Yefanov O, Safriuk N, Belyaev A, Mazur YI,
DeCuir EA Jr, Ware ME, Salamo GJ: Substrate effects on the strain
relaxation in GaN/AlN short-period superlattices. Nanoscale Res Lett 2012,
7:289.

17. Moram MA, Ghedia CS, Rao DVS, Barnard JS, Zhang Y, Kappers MJ,
Humphreys CJ: On the origin of threading dislocations in GaN films.
J Appl Phys 2009, 106:073513.

18. Cherns PD, McAleese C, Kappers MJ, Humphreys CJ: Strain relaxation in an
AlGaN/GaN quantum well system. In Springer Proceedings in Physics.
Volume 120. Edited by Cullis AG, Midgley PA. Berlin: Springer-Verlag;
2008:25–28.

19. Boguslstrokawski P, Rapcewicz K, Bernholc JJ: Surface segregation and
interface stability of AlN/GaN, GaN/InN, and AlN/InN 0001 epitaxial
systems. Phys Rev B 2000, 61:10820.

20. Choi SC, Kim JH, Choi JY, Lee KJ, Lim KY, Yang GM: Al concentration
control of epitaxial AlGaN alloys and interface control of GaN/AlGaN
quantum well structures. J Appl Phys 2000, 87:172–176.

21. Gong JR, Tseng SF, Huang CW, Tsai YL, Liao WT, Wang CL, Shi BH, Lin TY:
Effects of Al-containing intermediate III-nitride strained multilayers on
the threading dislocation density and optical properties of GaN films.
Jpn J Appl Phys Part 1 - Regul Pap Short Notes Rev Pap 2003, 42:6823–6826.

22. Kuwano N, Tsuruda T, Adachi Y, Terao S, Kamiyama S, Amano H, Akasaki I:
Annihilation of threading dislocations in GaN/AlGaN. Phys Status Solidi A-
Appl Res 2002, 192:366–370.

23. Moram MA, Vickers ME: X-ray diffraction of III-nitrides. Rep Prog Phys 2009,
72:036502.

24. Sun HH, Guo FY, Li DY, Wang L, Zhao DG, Zhao LC: Dislocation behavior in
AlGaN/GaN multiple quantum-well films grown with different interlayers.
Chin Phys Lett 2012, 29:096101.

25. Iizuka N, Kaneko K, Suzuki N: Polarization dependent loss in III-nitride
optical waveguides for telecommunication devices. J Appl Phys 2006,
99:093107.

26. Lee SM, Belkhir MA, Zhu XY, Lee YH, Hwang YG, Frauenheim T: Electronic
structures of GaN edge dislocations. Phys Rev B 2000, 61:16033–16039.

27. Li SB, Ware ME, Wu J, Minor P, Wang ZM, Wu ZM, Jiang YD, Salamo GJ:
Polarization induced pn-junction without dopant in graded AlGaN
coherently strained on GaN. Appl Phys Lett 2012, 101:122103.

28. Li SB, Ware ME, Wu J, Kunets VP, Hawkridge M, Minor P, Wang ZM, Wu ZM,
Jiang YD, Salamo GJ: Polarization doping: reservoir effects of the
substrate in AlGaN graded layers. J Appl Phys 2012, 112:053711.

29. Xu PQ, Jiang Y, Chen Y, Ma ZG, Wang XL, Deng Z, Li Y, Jia HQ, Wang WX,
Chen H: Analyses of 2-DEG characteristics in GaN HEMT with AlN/GaN
super-lattice as barrier layer grown by MOCVD. Nanoscale Res Lett 2012,
7:141.

30. Nicolay S, Feltin E, Carlin JF, Grandjean N, Nevou L, Julien FH, Schmidbauer
M, Remmele T, Albrecht M: Strain-induced interface instability in GaN/AlN
multiple quantum wells. Appl Phys Lett 2007, 91:061927.

doi:10.1186/1556-276X-7-649
Cite this article as: Sun et al.: Intersubband absorption properties of
high Al content AlxGa1−xN/GaN multiple quantum wells grown with
different interlayers by metal organic chemical vapor deposition.
Nanoscale Research Letters 2012 7:649.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Results and discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


